Abstract
Introduction

38
Aphids are among the most important agricultural pest insects of many crops worldwide. They feed exclusively on 39 plant phloem sap by inserting their needle-shaped mouthparts into sieve elements, usually resulting to the stunting, 40 discoloration and deformation of plants, while the growth of sooty molds on honeydew produced by these insects 41 reduces the economic value of crops [1, 2] . Moreover, aphids are also vectors of many important plant viruses [3] [4] [5] . most classes of insecticides, making it very difficult to control this insect pest [11] .
48
The use of botanical pesticides could present a safe alternative compared to the use of broad spectrum 49 chemical insecticides in crop protection [12, 13] . In nature, plants produce secondary metabolites during their 50 interaction with insects and these metabolites can act as toxicants, antifeedants, anti-oviposition agents and 51 deterrents towards the insects [14] [15] [16] . Because of such wide insecticidal properties, the study of secondary 52 metabolites and the development of new potent formulations based on them has become increasingly important.
53
Screening of plant extracts followed by bioactivity-guided fractionation, isolation and identification of active 54 principles is considered to be one of the most successful strategies for the discovery of bioactive natural products 55 against insect pests [17] .
56
Isodon rugosus (Wall. ex Benth.) Codd (syn. Plectranthus rugosus Wall. ex. Benth.) is an aromatic 57 branched shrub, belonging to the family Lamiaceae. The plant is used in Pakistani traditional medicine for many 58 diseases as an antiseptic, hypoglycemic, antidiarrheal and as bronchodilator [18, 19] . Among many other traditional 59 medicinal uses, the plant extracts and different solvent fractions are known to be effective as antifungal,
60
antibacterial, phytotoxic and antioxidant agents and are able to show lipoxygenase inhibitory activities [20] [21] [22] [23] .
61
Based on phytochemical studies, this plant is known to contain steroids, flavonoids, terpenoids, saponins, tannins, 62 cardiac glycosides, coumarins, reducing sugars and β-cyanin. Diterpenoids (rugosinin, effusanin-A, effusanin-B,
63
effusanin-E, lasiokaurin and oridonin) and triterpenoids (plectranthoic acid A and B, acetyl plectranthoic acid and 64 plectranthadiol) have also been successfully isolated from this plant [24] [25] [26] . However, despite several studies on the 65 bioactivity of I. rugosus where most efforts were focused towards human health, none of these have isolated and 66 assessed the insecticidal activity of compounds from this plant. In a previous study, we evaluated the aphicidal 67 properties of the hexane, dichloromethane, butanol and ethyl acetate fractions of a crude methanolic extract from I.
68
rugosus, and confirmed that the butanol fraction showed the best activity against the pea aphid, A. pisum [27] . To 69 further explore this finding, a bioactivity-guided strategy against A. pisum was used to isolate and identify the active 70 compound in the butanol fraction of I. rugosus.
71
Materials and methods
72
Insects
73
A continuous colony of A. pisum was maintained on faba bean plants (Vicia faba) in the Laboratory of Agrozoology
74
at Ghent University, Belgium at 23-25 °C and 65±5% relative humidity (RH) under a 16:8 h light: dark photoperiod 75 [28] . All the bioassays were performed under these conditions. Newly born nymphs (˂ 24 h old) of A. pisum were 76 used for all the bioassays. By gentle probing of the aphids with a brush and also by observing post-mortem color 77 change of the body, mortality was assessed after 24 h of treatment.
78
Plant collection and extraction
79
The aerial parts of I. rugosus were collected from lower Northern areas of Pakistan in the month of October, 2012.
80
The plant material was shade-dried for up to 3 months and ground to powder using an electric grinder. 1 kg of the 81 dried powder was soaked in a glass jar containing 3 L of methanol at room temperature. After two days, the solvent 82 layer was filtered with Whatman filter paper No. 1 and this process was repeated three times. The resulting filtrate 83 was concentrated by using a rotary evaporator at 35 °C and the obtained crude methanolic extract was stored at 4 °C 84 [29, 27] . For fractionation, 90 g dried crude methanolic extract was mixed with five parts of water and then 85 extracted successively by n-hexane (4 × 150 mL), dichloromethane (4 × 150 mL), ethyl acetate (4 ×150 mL) and n-86 butanol (4 × 150 mL) as described by Khan et al. [27] . All the fractions were concentrated using a rotary evaporator 87 under reduced pressure at 40 °C. The resulting extracts were stored in a refrigerator at 4 °C until further use.
88
Isolation of the bioactive principle 89
Based on bioassays conducted by Khan et al, [27] the butanol extract presented the best biological activity against A.
90
pisum and was hence selected in this study for further bioactivity-guided fractionation and identification of the 91 active principle. The butanol extract (500 mg) was eluted with a Reveleris automated flash chromatography 92 instrument on a 12 g C18 pre-packed column (GRACE, Columbia, MD, US) starting with 100% water. The gradient 93 was ramped to 100% methanol over 60 column volumes (CV) and after collection of 95 fractions, the solid phase 94 was flushed with 5 CV acetonitrile. The flow rate was set to 30 mL/min (Table 1) . Based on the UV spectral data,
95
the 95 fractions were combined into a total of 14 subfractions. These combined fractions were evaporated under 96 reduced pressure at 45 °C and finally under a high vacuum resulting in 14 subfractions (1A-14A) ( 
113
Following extraction with ethyl acetate (four times 5 mL), two phases, ethyl acetate and aqueous, were obtained. 
137
Insecticidal bioactivity 138
For the bioassays, artificial diet test cages were prepared as described by Sadeghi et al. [30] 100 µL of liquid 139 artificial diet was sealed between two layers of parafilm. Ten neonate aphids were placed on these layers of the 140 parafilm and to prevent the escape of aphids, the cages were covered with a hollow plastic ring having a ventilated 
151
Additionally, the growth of the surviving aphids exposed to 0.4 ppm of the active compound for 24 h was 152 followed for 9 days (on the same treated diet) in comparison to the untreated aphids. 
153
Data analysis
168
( Table 5 ). (Table 7) . 
237
HPLC-MS
238
Both isolated and commercial rosmarinic acid (Sigma Aldrich) had the same peak appearance in the HPLC-MS 239 chromatograms with the same solvent gradient. Both had a pseudo-molecular ion with an m/z value of 359 with 240 negative mode electrospray ionization which confirmed that it was rosmarinic acid (Fig 1) . 
276
extracts from various plant species, we found that the extract from I. rugosus was the most toxic to A. pisum [27] 277
Further fractionation showed that the butanol fraction most likely contained the active principle. In this study we 278 used the bioactivity-guided strategy to isolate and identify the active compound as rosmarinic acid. This strategy is 279 interesting and has been used in previous studies to identify bioactive compounds. For example, the butanol fraction
280
from Citrullus colocynthis was reported to be active against the black legume aphid, Aphis craccivora, and through 281 the bioactivity-guided isolation strategy, the active principle, 2-O-ß-D-glucopyranosylcucurbitacin E, was 282 successfully isolated [34] . Similarly, in another study involving bioactivity-guided isolation, the active principle,
283
ailanthone, was isolated from the aqueous fraction of Ailanthus altissima against A. pisum [35] .
284
In this study, the butanol fraction was subfractionated through reversed-phase flash chromatography. After 
312
for future studies will be the analyses of the underlying molecular mechanisms responsible for the cause of mortality 313 in rosmarinic acid-treated aphids.
314
Additionally, a comparison between the growth of surviving aphids exposed to rosmarinic acid-treated and 315 untreated diet after 24 h of bioassay was analyzed. It was clearly observed that the growth of surviving A. pisum 22 316 nymphs stopped after 48 h of exposure to rosmarinic acid-treated diet, resulting in a size reduction and ultimately
317
death as compared to aphids exposed to an untreated diet. A similar observation was made by Sadeghi et al, [30] 318 who observed that the aphid size was reduced after 48 h of exposure to novel biorational insecticides, flonicamid
319
and pymetrozine, and mortality was observed after 72 h.
320
Conclusion
321
In this study, I. rugosus was identified as an interesting source for a botanical insecticide against A. pisum.
322
Following bioactivity-guided selection, rosmarinic acid was isolated and identified through spectroscopic analysis as 
331
pisum, it also provides the basis for further exploration and development of a formulation for effective field 332 application.
333
